Anthocyanins are secondary metabolites that contribute to red, blue, and purple colors in plants and are affected by light, but the effects of low light on the physiological responses of purple pak-choi plant leaves are still unclear. In this study, purple pak-choi seedlings were exposed to low light by shading with white gauze and black shading in a phytotron. The responses in terms of photosynthetic properties, carbohydrate metabolism, antioxidant enzyme activity, anthocyanin biosynthetic enzyme activity, and the relative chlorophyll and anthocyanin content of leaves were measured. The results showed that chlorophyll b, intracellular CO 2 content, stomatal conductance and antioxidant activities of guaiacol peroxidase, catalase and superoxide dismutase transiently increased in the shade treatments at 5 d. The malondialdehyde content also increased under low light stress, which damages plant cells. With the extension of shading time (at 15 d), the relative chlorophyll a, anthocyanin and soluble protein contents, net photosynthetic rate, transpiration rate, stomata conductance, antioxidant enzyme activities, and activities of four anthocyanin biosynthetic enzymes decreased significantly. Thus, at the early stage of low light treatment, the chlorophyll b content increased to improve photosynthesis. When the low light treatment was extended, antioxidant enzyme activity and the activity of anthocyanin biosynthesis enzymes were inhibited, causing the purple pak-choi seedlings to fade from purple to green. This study provides valuable information for further deciphering genetic mechanisms and improving agronomic traits in purple pak-choi under optimal light requirements.
Introduction
Light is one of the most important environmental factors and plays a critical function in plant development and metabolism [1, 2] . Additionally, light is indispensable for photosynthesis and photomorphogenesis. Low light is a pervasive abiotic stress in plant breeding and cultivation a1111111111 a1111111111 a1111111111 a1111111111 a1111111111
Plant material and treatments
The variety of purple pak-choi (Brassica campestris ssp. Chinensis Makino L. "ziyi") was selected by the Horticultural Research Institute of Shanghai Academy of Agricultural Sciences, China. Initially 192 purple pak-choi seeds were sown in 12 plastic plates growing at a temperature of 28/15˚C day/night in a greenhouse on October 20, 2015 . Plants were watered and fertilized daily with a half-strength Hoagland nutrient solution. The low light treatments were started when the plant had three expanded leaves (four weeks after sowing on November 17). They were transferred and maintained in a phytotron with the temperature of 28/15˚C day/night and 60% humidity. They were divided into four groups and were exposed to low light treatment as follows (Table 1) ). The light intensity was measured by a Specbos 4001 (JETI Company, Germany). The experiment was carried out in triplicate, and approximately 100 plants were used in each replicate.
Relative pigment levels
Twenty-milligram samples of purple pak-choi leaves were incubated with 10 ml of 95% ethanol in the dark for 24 h and mixed by vortexing for 30 s after 12 h. The relative chlorophyll and carotenoid levels were measured with a spectrophotometer (DU 730, Beckman Coulter, Inc., Brea, CA, USA) at 649, 665, and 470 nm, and then the amount of chlorophyll a, chlorophyll b, and carotenoid was calculated using formulas 2.1, 2.2 and 2.3 [44] : The total anthocyanin content (TAC) of purple pak-choi was quantified with a modified pH differential method (AOAC official method 2005.2) [45, 46] . The TAC was derived using cyanidin-3-glucoside, which has a molar extinction coefficient of 26,900 L cm -1 mol -1 and a molecular weight of 449.2 g mol -1
. The results are expressed as milligrams of cyanidin-3-glucoside equivalent per gram of fresh weight sample. Twenty-milligram leaf samples were incubated with 10 ml buffer (95% ethanol and 1.5 mol l -1 HCl (v/v) 85:15) at room temperature in the dark for 24 h. Then, 1 ml of leaf supernatant was mixed separately with 2 ml of 0.025 M KCl buffer at pH 1.0 and 0.4 M sodium acetate (NaAc) buffer at pH 4.5. Absorbance was read by a nucleic acid/protein analyzer (Beckman Coulter, Inc., USA) at 536 nm and at 700 nm in the pH 1.0 and pH 4.5 buffers, respectively. TAC was calculated with the following equation (2.4): Leaf gas exchange
Leaf gas exchange was measured on a fully developed leaf from the middle of each seedling at 9:30 AM after 5 d, 10 d and 15 d of low light treatment by a Li-6400 Portable Photosynthesis System (Li-Cor Inc., Lincoln, NE, USA). The CO 2 assimilation rate or net photosynthetic rate (P n ), stomatal conductance (G s ), intercellular carbon dioxide (C i ) and transpiration rate (T r ) of purple pak-choi leaves were analyzed. After measurement, the largest leaves from each group in the same position were harvested. Three biological replicates were frozen immediately in liquid nitrogen and stored at -80˚C for further analysis.
Quantification of MDA and soluble protein
The frozen leaf samples were ground to determine the MDA and soluble protein content. As described by Jiang and Zhang [47] , the amount of MDA, which represents lipid peroxidation was calculated by its molar extinction coefficient (155 mM
) in the thiobarbituric acid reaction. Total soluble protein content was measured using the Bradford reagent [48] .
Antioxidant enzyme activity assay
For the enzyme assays, 0.2 g of leaf samples were ground in 3 ml of ice-cold 25 mM HEPES buffer (0.2 mM EDTA, 2 mM ASA, and 2% PVP, pH 7.8). The homogenates were centrifuged at 4˚C for 20 min at 12,000 g, and the supernatants were used to determine the enzymatic activities. The G-POD activity was measured by the modified method of Cakmak [49] . The reaction mixture had 25 mM phosphate buffer (pH 7.0), 0.05% guaiacol, 1.0 mM H 2 O 2 and 100 μl of enzyme extract. The increase in absorbance at 470 nm caused by guaiacol oxidation (E = 26.6 mM cm -1 ) was used to determine the G-POD activity. CAT was assayed as described by Durner and Klessing [50] , and the activity was determined as a decrease in the absorbance at 240 nm for 1 min following the decomposition of H 2 O 2 . APX was measured by monitoring the rate of ascorbate oxidation at 290 nm as described by Nakano and Asada [51] . SOD activity was measured in a mixture of 50 mM phosphate buffer (pH 7.8), 0.1 mM EDTA, 13 mM methionine, 75 μM nitroblue tetrazolium (NBT), 2 μM riboflavin, and 50 μl of enzyme [52] . One unit of SOD activity was defined as the amount of enzyme required to inhibit 50% of the p-nitro blue tetrazolium chloride reduction at 560 nm.
Anthocyanin biosynthetic enzyme activity assay
For these assays, 0.2 g of leaf samples were ground in 2 ml of ice-cold 25 mM HEPES buffer (pH 7.4) containing 0.2 mM EDTA, 2 mM AsA, and 2% PVP. The homogenates were centrifuged at 4˚C for 20 min at 12,000 g, and the supernatants were used to determine the enzymatic activities. The activity of 6 anthocyanin biosynthetic enzymes, CHS, CHI, F3H, DFR, ANS and ANR, were assayed using an ELISA Kit (U.S.A TSZ Biological Trade Co., Ltd.) according to the manufacturer's instructions. This experimental method was based on a laboratory protocol deposited in protocols io, which was obtained from doi:dx.doi.org/10.17504/ protocols.io.h2mb8c6.
Statistical analysis
Statistical Product and Service Solutions (SPSS, version 20, IBM Corporation, U.S.A) was used to performed analysis of variance (ANOVA). The physiological variables are presented as the mean ± standard deviation (SD), with a minimum of three replicates. Differences between the control and treatments were considered significant at p = 0.05. Significance between treatments was determined by Duncan's t-test. The data were plotted using Origin 7.5 software (Origin Lab, Northampton, MA, USA).
Results

Analysis of relative pigment levels
Low light stress had significant effects on the anthocyanin, carotenoid and relative chlorophyll contents of purple pak-choi (Fig 2) . The chlorophyll a contents were significantly reduced after exposure to low light stress for 5 d, 10 d and 15 d (Fig 2A) . The chlorophyll a content of TL1, TL2 and TL3 was significantly lower than that in the group exposed to NL by 18.59%, 33.45% and 51.19%, respectively, at 5 d; significantly decreased by 27.95%, 41.71% and 52.35%, respectively, at 10 d; and significantly declined by 40.36% 51.91% and 77.10%, respectively, at 15 d.
The chlorophyll b content in TL1 leaves was 22.53% and 13.39% higher than that in NL group at 5 d and 10 d, respectively (Fig 2B) . However, when exposed to low light for 15 d, the chlorophyll b content of TL1 clearly decreased by 7.91%. The chlorophyll b content of TL2 and TL3 leaves greatly decreased at 10 d and 15 d by 9.11% and 51.51% respectively, compared with that of NL leaves at 5 d; the content was 30.30% and 51.42% lower, respectively, at 10 d; and 24.66% and 64.95% lower, respectively, at 15 d.
The carotenoid content in TL1 did not differ significantly from that in the NL group at 5 d (Fig 2C) , but TL2 and TL3 were 20.03% and 40.08% lower than NL, respectively. The carotenoid content in TL1, TL2 and TL3 decreased by 34.31%, 50.81% and 75.82%, respectively, at 10 d; at 15 d, it decreased by 46.68%, 77.35% and 82.42%, respectively.
The anthocyanin content decreased from 5 d to 15 d under low light stress (Fig 2D) . The anthocyanin content in TL1, TL2 and TL3 was 3.69%, 19.81% and 35.93% lower than that in NL at 5 d, respectively; 16.24%, 41.51% and 65.34% lower than that in NL at 10 d, respectively; and 29.91%, 48.17% and 80.31% lower than that in NL at 15 d, respectively.
Leaf gas exchange analysis
P n , G s , C i and T r were significantly influenced by low light treatment (Fig 3) . The rate of CO 2 assimilation (P n ) decreased sharply with low light treatment (Fig 3A) . Five days after low light treatment, the P n of TL1, TL2 and TL3 dramatically decreased by 7.90%, 25.33% and 43.47% relative to that of NL, respectively; at 10 d, the P n decreased by 7.91%, 28.89% and 44.34% relative to that of NL, respectively; and the P n was 16.84%, 28.79% and 64.23% lower than that in NL at 15 d, respectively. However, there were no significant differences between different treatment times for the same treatment.
G s in TL1 and TL2 was increased (Fig 3B) and the leaf stomata opened prominently when leaves were exposed to low light for 5 d, G s was increased by 19.11% (TL1) and 18.83% (TL2) relative to that in NL. However, G s in TL3 was 36.35% lower than that in NL. G s in TL1, TL2 and TL3 was decreased by 12.94%, 35.60% and 49.38% at 10 d, respectively, and by 35.16%, 53.90% and 64.03% at 15 d, respectively. The changes in C i were similar to those in G s as the C i value of TL1 and TL2 increased transiently after 5 d (Fig 3C) ; then, at 10 d and 15 d, the C i values of all treatments were significantly decreased.
In terms of transpiration, the T r of TL1, TL2 and TL3 showed a prominent decrease at all treatment times (5 d, 10 d, and 15 d) under low light stress (Fig 3D) 
MDA and soluble protein analysis
When purple pak-choi plants were exposed to low light stress, the MDA content increased in this experiment (Fig 4A) . Under low light stress for 5 d, the MDA contents of TL1, TL2 and TL3 were higher than those in NL, but these differences were not statistically different. At 
Antioxidant enzyme analysis
Low light stress resulted in significant changes of enzymatic activities of G-POD, CAT, APX, and SOD (Fig 5) . For both the TL1 and TL2 leaves, the enzymatic activities of G-POD, CAT and SOD increased clearly after 5 d of the low light treatment (Fig 5A, 5B and 5D) ; however, the activities of these three enzymes decreased markedly after 10 d. G-POD activity decreased by 34.75% (TL1) and 50.31% (TL2), the CAT enzyme activity decreased by 28.26% (TL1) and 50.15% (TL2), and the SOD enzyme activity decreased by 34.75% (TL1) and 52.57% (TL2) relative to those of the NL leaves after 15 d. In contrast to TL1 and TL2, the G-POD, CAT and SOD enzyme activities decreased gradually from 5 d to 15 d in TL3. For all the treatments, the changes in APX enzyme activities showed the same patterns as they were lower in TL1, TL2 and TL3 than those in NL leaves at 5, 10 and 15 d (Fig 5C) 
Anthocyanin biosynthetic enzyme analysis
Three key enzymes (CHS, CHI, F3H) in the anthocyanin biosynthetic pathway, affected significantly under low light stress, are shown in Fig 6. The CHS activity in NL, TL1, TL2 and TL3 leaves did not differ significantly at 5 d (Fig 6A) , while it decreased slowly at 10 d. The activity was 21.70% (TL1), 31.72% (TL2) and 49.28% (TL3) lower than that in NL at 15 d. The CHI activity in TL1, TL2 and TL3 leaves was significantly lower than that in NL leaves at 5 d, 10 d and 15 d (Fig 6B) . The TL2 and TL3 treatments were 11.75% and 18.69% lower at 15 d, respectively, than that at 10 d.
The F3H activity in NL, TL1, TL2 and TL3 leaves was 22.44 U ml , respectively. The F3H activity in TL1, TL2 and TL3 was significantly lower than that in NL. In our experiment, the trend of DFR activity in all treatments was similar to that observed for F3H activity, and the ANS activity of treated leaves was significantly lower than that of NL leaves exposed to low light stress at 15 d. However, the ANR activity of NL, TL1, TL2 and TL3 leaves did not differ significantly at 5 d, 10 d or 15 d. Low light on purple pak-choi physiology
Discussion
Photosynthetic pigments play an important role in photosynthesis as they can assimilate and transfer light energy. Therefore, the pigments contents directly affect the photosynthetic efficiency. Chlorophylls are one of the most important pigments and represent a significant index of photosynthetic capacity [53] . In general, chlorophyll content will decrease after exposure to low light stress. In our study, chlorophyll a content was decreased when purple pak-choi was exposed to low light (TL1, TL2 and TL3). In addition, as the duration of exposure increased, the chlorophyll a content exhibited increasingly serious damage. However, the level of chlorophyll b, which absorbs diffuse light with a short wavelength, increased temporarily at 5 d and 10 d, but decreased at 15 d in response to low light stress. Chlorophyll b is responsible for transferring light energy in photosynthesis and could capture more energy to improve the utilization efficiency under low light stress.
Our results indicated that the chlorophyll a content under low light stress was decreased in purple pak-choi resulting in photosynthetic damage, but the chlorophyll b content was increased to resist low light stress. Ma et al. [54] found that the chlorophyll a content did not change under low light, while the chlorophyll b content increased. Lakshmi and Singh [55, 56] stated that chlorophyll a and chlorophyll b both increased under low light stress, whereas Bell [38] found that the chlorophyll content of Agrostis stolonifera decreased after long-term exposure to low light stress, and so that the plants exhibited etiolating, withering and dying when the light shade was to 95%.
Our results were consistent with a previous study that found the carotenoid and anthocyanin contents decreased under low light stress [57] . Anthocyanin is a specific characteristic of purple pak-choi. The reduction of anthocyanin content led to green plants or severe etiolation of plants. In our experiment, the carotenoid and anthocyanin levels were reduced to 0.048 mg g -1 FW and 0.045 mg g -1 FW , respectively, when the shade was more than 75% (TL3) at 15 d, and the color of the purple pak-choi became light green. Nielsen [58] reported that high light intensity promoted anthocyanin synthesis and accumulation so that the purple basil leaves were darker purple than those grown under low light. Shading pears and apples during cold conditions for 2 d reduced the accumulation of anthocyanin and increased their photosensitivity [59] . Photosynthesis is the fundamental physiological process that provides energy and carbon assimilation for plant growth [60] , but it is often inhibited and damaged due to its sensitivity to low light stress [61] . In the present study, the leaf photosynthetic parameters P n , G s , C i and T r showed significant responses to low light levels. The P n and T r of TL1, TL2 and TL3 leaves were significantly decreased after exposure to low light, whereas the C i and G s of TL1 and TL2 first showed an increase after 5 d and then decreased at 10 d and 15 d. The proportion of shading determined the extent of the decrease. Our results showed that the purple pak-choi seedlings receiving shade treatment exhibited impaired photosynthetic capacity due to reduced P n , G s , C i and T r . In TL1 and TL2, C i and G s were increased to adapt to the low light environment in the short term and finally decreased to a level less than that in the NL plants. These results are consistent with the findings of Holmgren [62] , who concluded that short-term shading caused elevated carbon dioxide levels in Schefflera seedling diachyma cells. Crookston et al [63] found that the P n decreased by 38% under low light treatment in soybeans, which was the major cause of the decline in leaf photosynthetic rate. Fay and Knapp [64] also found that the G s and T r of soybean were decreased by half after exposure to shaded light for 9 min. However, Duli and Derrick [65] found that the decrease of P n in cotton was not related to G s and T r under low light, instead the reduction of P n resulted from the photosynthetic electron transfer capability. Therefore, the light responses in terms of photosynthesis were different among various species.
Proteins are required for biological activity, and thus the response to biotic or abiotic stress will undoubtedly be reflected in protein content and composition. We found that the soluble protein contents of TL1, TL2 and TL3 leaves were significantly lower than those in NL leaves at 5 d, 10 d and 15 d, and they decreased further as the shade increased, indicating that the accumulation of soluble protein was inhibited under low light stress leading to decreased production [56, 66] . These findings were consistent with the results of Cockshull et al [67] , who proposed that low light intensity was harmful to soluble proteins in tomato plants.
Low light stress causes different types and levels of damage to plant cells. One type involves the destruction of the membrane integrity for leaf blade cells, which leads to increased cell permeability and intracellular conductivity. MDA, which is produced during lipid peroxidation, is an important index of cell damage under stress. In the current study, the MDA content in purple pak-choi increased under low light stress, indicating that the degree of lipid peroxidation in the cell membrane is related to the duration of low light treatment and the degree of shaded light.
Oxidative stress is activated under biotic and abiotic stresses and results in the abundant production of reactive oxygen species (ROS) [68] . POD, CAT, APX and SOD can scavenge H 2 O 2 [69] . Almeselmani et al [70] and Dai. et al. [71] reported that the amelioration of oxidation resistance occurs due to antioxidant enzyme activity. In the present study, the activities of G-POD, CAT, and SOD increased in TL1 and TL2 leaves after 5 d of low light stress, but decreased in TL1, TL2 and TL3 at 10 d and 15 d. In contrast, in all low light treatments, the APX activity decreased. Our results indicate that low light stress could produce ROS and increase the activity of antioxidant enzymes. However, antioxidant enzyme activity is inhibited when stress exceeds a certain degree, and plants suffer oxidative damage when the ROS are not eliminated. This finding is consistent with the results reported by Zhang and Marcelo [72, 73] .
Light requirements and low temperature stimulated a series of enzymes in the anthocyanin biosynthetic pathway [74, 75] . Takos et al [27] reported that light was the key environmental Low light on purple pak-choi physiology factor leading to anthocyanin synthesis in red apples. Many reports have described the function of enzymes in anthocyanin biosynthesis and anthocyanin accumulation. For example, DFR played an important role in anthocyanin biosynthesis in strawberry fruit [76] . CHS and DFR were critical in the process of anthocyanin biosynthesis in mature red peach and nectarine fruit [77] . In bayberry fruit, F3H, DFR and ANS levels were highly correlated with anthocyanin biosynthesis [78] . The results of the present study suggested that the enzyme activities of CHI, CHS, F3H, which are involved in the anthocyanin biosynthetic pathway, were decreased under low light stress for 10 d and 15 d, leading to a decline of anthocyanin. However, ANR activity did not show significant changes in any of the low light treatments. Therefore, ANR may not be regulated by low light stress. Our studies of low light in purple pak-choi are consistent with results in Arabidopsis thaliana [72] , Perillafrutescens [75] , Vitisvinifera [79] and Gerbera hybrida [80] .
We summarized our conclusions to a model (Fig 7) to emphasize the physiological changes under light stress. At the early stage of low light treatment, the contents of chlorophyll b, G s , C i , SOD, POD, and CAT were increased to improve photosynthetic efficiency. When the low light stress was extended, it inhibited antioxidant enzyme activity and also suppressed the activity of anthocyanin biosynthesis enzymes, causing purple pak-choi seedlings to fade from purple to green. The physiological mechanism underlying the effects of low light stress on purple pak-choi were elucidated, demonstrating the hazards of low light and providing technical guidance for the cultivation of purple vegetables. 
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